We tested three theories predicting the timing of bud burst in mature birch (Betula pendula Roth) trees utilizing a 60-year phenological time series together with meteorological temperature observations. Predictions of the timing of bud burst based on light conditions in addition to temperature were more accurate than predictions based on dormancy development and temperature (prediction standard error of 2.4 days versus 4.3 days). The signal from light conditions, represented by fixed calendar date, determined the start of bud ontogenesis rather than dormancy release. We suggest that models developed to predict the timing of bud burst be utilized in the analysis of plant responses to climate change and of climate change itself.
Introduction
Trees in cool and temperate regions are assumed to be adapted to annual climatic variations that characterize these regions. To maximize growth, the trees extend the active growth period as long as possible while avoiding frost damage. To achieve this, trees regulate the timing of bud burst and flowering during the spring and the timing of growth cessation and dormancy development during late summer and fall.
Bud burst of trees has a major impact on energy and mass fluxes in the atmosphere. The latent heat of water vapor is an important component in the atmospheric energy balance (Seinfeld 1986 , Sellers et al. 1997 . Because bud burst in hardwoods and the onset of the active growth period in conifers determine the start of transpiration flux in spring in cool and temperate regions, the timing of the annual cycle of trees has major implications for the atmospheric water balance. Consequently, extension of the transpiration period in response to the predicted climate change may, in turn, have considerable effects on climate warming. The accurate prediction of bud burst and the greening of deciduous forest canopies is increasingly recognized as a critical determinant of ecosystem net primary productivity. Myneni et al. (1997) reported that a difference of a few days in canopy development accounted for a more than 20% interannual change in net photosynthetic production of a northeastern North American forest.
The annual cycle of trees in cool and temperate regions consists of dormant, quiescent, and active periods (Perry 1971 , Sarvas 1972 , Fuchigami et al. 1982 . During the dormant period, which starts at the end of the growing season, bud ontogenesis, involving morphological changes, is suspended by biochemical regulatory systems. The quiescent period starts during the winter when the trees reattain their ability for ontogenesis and can respond to environmental signals. The active period for hardwoods, which follows the quiescent period, starts at bud burst.
Several theories and models have been presented to describe the phenological development of trees from the beginning of dormancy to bud burst (Hänninen 1995) . Most models are based on the prevailing temperature during autumn, winter and spring (Sarvas 1972 , Landsberg 1974 , Richardson et al. 1974 , Fuchigami et al. 1982 , Cannell and Smith 1983 , but some of them also consider time or light conditions as a factor affecting bud phenology (Bünning 1964 , Campbell 1978 , Nizinski and Saugier 1988 . The importance of temperature for the tree's biological processes, and thus for dormancy and ontogenesis, is obvious. On the other hand, light conditions (i.e., irradiance, night length or spectral composition of light) provide a reliable reflection of seasonal variation, and so may also have a role in the timing of bud burst. Old phenological time series offer an opportunity to test theories of bud burst.
The aim of this study was to compare temperature-driven models of bud burst timing in birch with a model that incorporates light conditions as an additional factor affecting bud phenology.
Material
The phenological time series of bud burst date of birch (Betula pendula Roth) in southern Finland covers the years 1896--1955 (Figure 1 ). Mean date of bud burst was May 19, the earliest date of bud burst occurred on April 27, 1921, and the latest on June 6, 1955. The time series was originally constructed by Häkkinen et al. (1995) and Linkosalo et al. (1996) by combining temporally overlapping observations from mature trees in their native environment.
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In addition to the phenological data, we also used temperature measurements taken four times a day in Jyväskylä (62°14′ N, 25°20′ E) by The Finnish Meteorological Institute. The temperature data cover the time span of the observations on bud burst in birch, except for the years 1912--1916, which were omitted from the analysis.
Hypotheses and methods
Dormancy is considered to have a key role in the start of bud development (Hänninen 1995) . We have considered three hypotheses: Hypothesis 1: bud ontogenesis begins when dormancy is complete (Sarvas 1972 , Richardson et al. 1974 ; Hypothesis 2: bud ontogenesis begins at the same time as dormancy, but attains its full rate only at the end of dormancy (Landsberg 1974 , Fuchigami et al. 1982 , Cannell and Smith 1983 ; and Hypothesis 3: bud ontogenesis begins when dormancy is completed and requires a light signal. We applied calendar date as an operational variable for the light signal.
Models
Hypotheses 1--3 can be analyzed and tested using the concepts of stage of bud dormancy and stage of bud ontogenesis (Hari 1972 , Sarvas 1974 . During dormancy, the growth of buds is prevented, even when environmental conditions are favorable. This state can be described by a single aggregate variable, S D , the stage of dormancy. By definition S D = 0 at the beginning of dormancy and increases slowly during autumn. The rate of dormancy development, f D , is defined as the time derivative of the stage of dormancy, f D = dS D /dt. The stage of bud ontogenesis during quiescence is also described by a single aggregate variable, S 0 . At the beginning of dormancy, S 0 = 0 by definition. The rate of ontogenesis, f 0 , is defined as the time derivative of the stage of ontogenesis, f 0 = dS 0 /dt. The stage of dormancy and the stage of ontogenesis at moment t can be obtained by integrating the corresponding rates over time from the start of dormancy, t 0 : 
If we assume that dormancy development depends on temperature, T, only:
We applied the dependence of the rate of dormancy development on temperature based on experiments by Sarvas (1974) on seedlings and seeds of birch (Figure 2) . The three hypotheses result in different dependencies of f 0 on temperature, light conditions and stage of dormancy. When a multiplicative model is assumed, the rate of ontogenesis, f 0 (t), is:
where L(t) denotes the signal from light conditions, g 0 (T(t)) denotes the dependence of the rate of ontogenesis on temperature, w D (S D (t)) represents the effect of the stage of dormancy, and w L (L(t)) represents the effect of the light conditions on ontogenesis. We applied the dependence of the rate of ontogenesis, g 0 , on temperature based on the experiments by Sarvas (1972) on the meiotic phases of microspore mother cells of Populus tremula L. and Larix sibirica Ledeb. as well as on the opening of male catkins of Betula verrucosa J.F. Ehrh. and Betula pubescens J.F. Ehrh. (Figure 3 ). Several dependencies of the factor w D on the state of dormancy have been proposed (Hänninen 1995) . The factor w D is often called growth competence. To test Hypothesis 2, we applied the dependency presented by Hänninen (1990) (Figure 4) . We used calendar date as an operational variable for light conditions. Until threshold calendar date, L crit , the factor w L is zero, indicating halted bud ontogenesis. Thereafter, w L = 1.
Hypotheses 1--3 can be presented using the factors w D and w L in Equation 5 as follows:
Hypothesis 1: bud ontogenesis begins after dormancy completion:
Hypothesis 2: bud ontogenesis begins during dormancy:
Hypothesis 3: bud ontogenesis begins when dormancy is complete and the threshold date, L crit , has been attained:
Estimating the parameters
The integrals in Equations 1 and 2 were approximated by summing over the time intervals used. The least square estimates of model parameters t 0 , D crit , and L crit were determined by minimizing the residual error sum of squares of estimated bud burst dates, by an iterative procedure. 
Results
Hypothesis 3, in which the beginning of bud ontogenesis of B. pendula was based on calendar date, resulted in the most accurate timing of bud burst (Table 1) . The model based on Hypothesis 3, utilizing the prevailing temperatures after threshold calendar date, accounted for 92% of the variance in timing of bud burst. The standard deviation of the prediction error was 2.5 days, the maximum error was 5.8 days, and the estimated threshold date for the start of ontogenesis was March 21. Figure 5 shows the close relationship between the observed and predicted moments of bud burst and an even distribution of errors over a wide range of bud burst dates. The models based on Hypotheses 1 and 2, in which the beginning of bud ontogenesis was related to dormancy development only, resulted in an error standard deviation of 4.3 and 4.4 days, respectively, and 73% of explained variance (Table 1) .
Each model describes a different progression of bud ontogenesis of B. pendula. If the late autumn and winter are warm, the ontogenesis according to the models differs considerably. Figure 6 demonstrates why the model based on Hypothesis 3 behaved better than the other two models, using the data from the year 1930 as an example.
According to Hypotheses 1 and 2, in which the beginning of ontogenesis was based on dormancy development only, ontogenesis had already progressed considerably in late autumn 1929 and early winter 1930 as a result of periods of warm weather after dormancy completion ( Figure 6 ). Consequently, the predicted date of bud burst was too early. In contrast, according to Hypothesis 3, in which the beginning of bud ontogenesis was dictated by calendar date, ontogenesis started in the spring, resulting in a more accurate timing of bud burst.
Besides the poor accuracy, the models in which bud ontogenesis was dependent on dormancy development were unrealistic. This appeared in improper timing of estimated dormancy completion in some years; i.e., the date when the threshold value C crit was reached. In natural conditions in southern Finland, dormancy is completed before the end of the year (Sarvas 1974 , Leinonen 1996 . However, dormancy completion modeled according to Hypothesis 1 occurred between February 1 and April 10 in 5 out of 55 years, and between February 1 and April 23 in 11 out of 55 years according to Hypothesis 2.
Discussion
Several models of the regulation of bud development have been proposed for different tree species in temperate zones (Sarvas 1972 , Landsberg 1974 , Campbell 1978 , Cannell and Smith 1983 , Hunter and Lechowicz 1992 , Kramer 1994 . Our results suggest that the start of bud ontogenesis in B. pendula in the boreal zone is based not only on dormancy completion, but requires an additional signal from the phase of the climatic annual cycle, represented here by calendar date. In our analysis, the effects of time and light conditions on the progression of the annual cycle cannot be distinguished. However, changes in light conditions during the annual cycle, such as intensity of light, night length, and spectral composition of light, are among the most reliable sources of information reflecting the timing of seasons, especially in the boreal zone where these changes are large. Thus, it is reasonable to assume that there are mechanisms in B. pendula, developed during evolution, that respond to light conditions as a signal for the start of ontogenesis.
Light conditions have been observed to play an important role in several phenomena during seed development and the annual cycle of trees. For example, germination of birch seeds depends on the ratio of red to far-red light (Atkinson 1992) . Photoperiod is one of the components affecting the timing of bud burst in Douglas-fir (Campbell 1978) . The cessation of shoot growth in Betula and Salix is driven by temperature and daylength (Junttila 1980, Koski and Sievänen 1985) . Phytochrome is probably the receptor of light signals in both herbaceous (Smith 1995) and woody (Wareing 1956 ) plants. Our results suggest that mechanisms based on light and temperature also control bud development in B. pendula.
Regulatory systems that utilize climatic regularities have emerged in trees during evolution. If the weather in the spring depended on temperature conditions during the preceding autumn, then trees would utilize autumn temperature information to regulate their bud development in spring. However, because weather is a chaotic phenomenon (Lorenz 1993) it is unlikely----from the evolutionary point of view----that dormancy completion in late autumn would have an effect on bud burst timing in the spring in B. pendula.
The regulation of the annual cycle of trees is complicated. Although laboratory and greenhouse studies of tree seedling physiology have provided valuable information about possible regulatory mechanisms (Sarvas 1972 , Landsberg 1974 , Richardson et al. 1974 , Campbell 1978 , Fuchigami et al. 1982 , Hänninen 1990 , it is problematic to extrapolate laboratory experiments carried out on seedlings and seeds during a few experimental years to trees growing under natural conditions. Our results show that long-term phenological series, collected extensively in the early 20th century, provide a valuable alternative that can be utilized in checking the relevance of laboratory findings. We conclude that dormancy can be omitted in analyses of the timing of bud burst in B. pendula growing in boreal regions where the time span from dormancy to bud burst is long. Our results have implications for the detailed analysis of plant responses to predicted climate change, and of climate change itself, because the timing of bud burst affects both biomass production and the onset of transpiration, which influences the atmospheric water balance.
